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Abstract 
 
Two species of eelgrass can be found in Padilla Bay, Washington (Zostera 
japonica and Zostera marina) and act as a bioindicators of ecosystem health. 
Many factors can contribute to the status of an eelgrass bed, including light, 
temperature, salinity, and nutrients. However, following several cases of 
seagrass die-off events worldwide, another factor is suspected to contribute to 
eelgrass health: pore-water sulfide. This study examined the relationships 
between Z. japonica, Z. marina, and pore-water sulfide in Padilla Bay and the 
effects of elevated pore-water sulfide concentrations on eelgrass.  
Forty sites were surveyed for eelgrass shoots and sulfide concentration 
profiles were measured at depths of 0 to 12 cm. A correlation was expected 
between eelgrass and the inventory of sulfide during August and September due 
to increased temperature and increased bacterial respiration as a result of 
higher quantities of organic matter accumulation. While the data hinted at 
patterns between eelgrass density and sulfide, there were no significant 
correlations found between Z. japonica and Z. marina and the inventory of 
sulfide from June 2013 through September 2013. This is perhaps due to 
relatively low concentrations of sulfide at the study sites and documented 
eelgrass tolerance to the concentration range, as well as the overall health of 
eelgrass in this location.  
 To further examine the relationship between eelgrass and sulfide, Zostera 
japonica and Zostera marina were grown in sediment amended with sulfide in an 
 v 
outdoor laboratory tank to study growth response and photosynthetic yield. 
Eelgrass shoots were grown for four weeks under different sulfide 
manipulations and shoot growth was recorded weekly. Quantum efficiency of 
PSII in eelgrass shoots was measured by PAM fluorometry at the conclusion of 
the experiment. The growth rates of Z. japonica and Z. marina were significantly 
reduced in treatments with elevated sulfide concentrations. Manipulated 
concentrations of pore-water sulfide resulted in significantly lower growth rates 
among Z. japonica shoots treated with moderate and high levels of sulfide. The 
decrease in growth in both species suggests that elevated levels of pore-water 
sulfide have an impact on eelgrass in Padilla Bay. The average photosynthetic 
yield of the shoots for Z. japonica and Z. marina was lower in shoots treated with 
sulfide, although this difference was not statistically significant, suggesting the 
drop in growth was not due to chloroplast damage.  
 
 
 
 
 
 
 
 
 
 
 vi 
Acknowledgements 
 
 First, I would like to thank my graduate adviser, Dr. David Shull, for guiding 
me through the Master’s degree program at Western Washington University. He 
allowed me to work independently, but was always there to assist with ideas, 
methodology, data collection, and support. I would also like to thank my 
committee members, Dr. Sylvia Yang and Dr. John Rybczyk for improving my 
experience and providing valuable feedback. 
 Dr. Brian Bingham was the best graduate level statistics teacher I could have 
asked for and continued to help me with this project a year and a half after I 
completed his class. His statistical insight saved me from committing mistakes 
and solved several of my unsolvable issues. I owe thanks to others at Shannon 
Point Marine Center too, including Gene McKeen and Jay Dimond, who assisted 
with experimental set-up and instrumentation and set aside supplies and space 
for my experiment. 
 F. Scott Wilkinson helped tremendously with laboratory supplies, materials, 
and was always patient with my questions. It was an advantage to occupy the 
office next to his. I owe thanks to the Padilla Bay National Estuarine Research 
Reserve for my thesis funding and to Mary Heath and Joe Bucek who live nearby. 
Mary and Joe allowed me to use their property and amenities for over four 
months while I completed my field research and I am sincerely grateful for their 
generosity. Finally, I would like to thank Terry Surratt for double-checking all of 
my work and being my main support system over the last two years. 
 vii 
Table of Contents 
 
 
Abstract……………………………………………………………………………………………………….. iv 
Acknowledgements………...……………………………………………………………………………...vi 
List of Figures and Tables……………………………………………………………………………..viii 
Chapter 1: The Relationship Between Pore-water Sulfide and Eelgrass (Zostera 
japonica and Zostera marina) in Padilla Bay, Washington 
Introduction……………………………………………………………………………………………...1 
Methods…………………………………………………………………………………………………....5 
Results…………………………………………………………………………………………….……...11 
Discussion……………………………………………………………………………………………….13 
Chapter 2: The Effects of Elevated Concentrations of Pore-water Sulfide on a 
Native and Non-native Cogener (Zostera japonica and Zostera marina) in Padilla 
Bay, Washington 
Introduction……………………………………………………………………………………………22 
Methods……………………………………………………………………………………….…………25 
Results……………………………………………………………………………………………………30 
Discussion………………………………………………………………………………………..……..44 
Bibliography…………………………………………………………………………………………………48 
Appendix A…………………………………………………………………………………………..……….55 
Appendix B…………………………………………………………………………………………..……….61 
 
 viii 
List of Figures and Tables 
FIGURES 
1.1 Map of the sampling sites from June 2013 to September 2013 in Padilla Bay, 
Washington….………………………………………………………………………….…..………………7-8 
 
1.2 Representative profiles of sulfide concentration (mM) at 3, 6, and 12 cm 
depths at four different study sites in Padilla Bay, Washington……………………….16 
 
1.3 The number of Z. japonica shoots present (m-2) per sampling site (n=40) 
versus inventory of sulfide (mmol cm-2) at each site from a depth of 0-12 cm in 
Padilla Bay, Washington.…………………………………………………………………………….…17 
 
1.4 The number of Z. marina shoots present (m-2) per sampling site (n=40) 
versus inventory of sulfide (mmol cm-2) at each site from a depth of 0-12 cm in 
Padilla Bay, Washington.………………………………………………………….……………………18 
 
1.5 The number of total eelgrass shoots present (m-2) per sampling site (n=40) 
versus inventory of sulfide (mmol cm-2) at each site from a depth of 0-12 cm in 
Padilla Bay, Washington.…………………………………………………………………………….…19 
 
2.1 The experimental week versus the growth per day (mm) of Z. japonica shoots 
(n=30) treated with moderate levels of pore-water sulfide, high levels of pore-
water sulfide, and no added pore-water 
sulfide…………………………………………………………………………………..………………………37 
 
2.2 The experimental week versus the growth per day (mm) of Z. marina shoots 
(n=30) treated with moderate levels of pore-water sulfide, high levels of pore-
water sulfide, and no added pore-water 
sulfide……………………………………………………………………….….………………………………38 
 
2.3 The pore-water sulfide treatment levels versus the photosynthetic yield of Z. 
japonica and Z. marina shoots (n=60)……………………………….……………………………39 
 
2.4 The average pore-water sulfide concentration (mM) versus the 
photosynthetic yield of Z. japonica shoots (n=30) treated with moderate levels of 
pore-water sulfide, high levels of pore-water sulfide, and no added pore-water 
sulfide over four weeks…………………………………………………………………………………40 
 
2.5 The average pore-water sulfide concentration (mM) versus the 
photosynthetic yield of Z. marina shoots (n=30) treated with moderate levels of 
pore-water sulfide, high levels of pore-water sulfide, and no added pore-water 
sulfide over four weeks…………………………………………………………………………………41 
 
 ix 
2.6 The average pore-water sulfide concentration (mM) versus the growth per 
day (mm) of Z. japonica shoots (n=30) treated with moderate levels of pore-
water sulfide, high levels of pore-water sulfide, and no added pore-water sulfide 
over four weeks……………………………………………………………………………………………42 
 
2.7 The average pore-water sulfide concentration (mM) versus the growth per 
day of Z. marina shoots (n=30) treated with moderate levels of pore-water 
sulfide, high levels of pore-water sulfide, and no added pore-water sulfide over 
four weeks……………………………………………………………………………………………………43 
 
 
TABLES 
 
1.1 Pearson’s correlations and p-values for Z. japonica shoots, Z. marina shoots, 
total eelgrass shoots, and the inventory of sulfide (mmol cm-2) from a depth of 0-
12 cm at the study sites (n=40) in Padilla Bay, Washington……..…….…..……………14 
 
1.2 Pearson’s correlations and p-values for Z. japonica shoots, Z. marina shoots, 
total eelgrass shoots, and the inventory of sulfide (mmol cm-2) from a depth of 0-
12 cm at the study sites (n=40) in Padilla Bay, Washington. Separated by month 
of collection……………………………………………………….…………………………………………15 
 
2.1 Summary of the Z. japonica and Z. marina ANOVAR results for the growth and 
pore-water sulfide treatments with corrected Hyunh-Feldt p-values………………34 
 
2.2 Summary of the Z. japonica and Z. marina two-way ANOVA results for the 
photosynthetic yield and pore-water sulfide treatments. …………………………….…35 
 
2.3 Pairwise t-test results with growth as the dependent variable and treatment 
as the independent variable for Z. japonica and Z. marina shoots treated with 
seawater, moderate levels of sulfide, and high levels of sulfide………….……………36 
 
 
 
 
CHAPTER 1. 
THE RELATIONSHIP BETWEEN PORE-WATER SULFIDE AND EELGRASS (ZOSTERA 
JAPONICA AND ZOSTERA MARINA) AT A STUDY SITE IN PADILLA BAY, 
WASHINGTON 
 
Introduction 
 
Seagrasses around the world have been referred to as essential bioindicators of 
ecosystem health (Dennison et al. 1993, Short et al. 1993, Lee et al. 2004, Krause-
Jensen et al. 2005). They provide vital habitat for many species, stabilize sediments 
to help prevent erosion, act as water quality indicators, support local fisheries and 
economies, and facilitate sedimentation processes (Bostrom and Bonsdorff 2000, 
Krause-Jensen et al. 2005, Gaeckle et al. 2007, Waycott et al. 2009). Undoubtedly, 
eelgrass decline would result in negative ecological and economic consequences for 
many regions. Two eelgrass species, Zostera japonica and Zostera marina grow 
locally in Padilla Bay, and meadow losses elsewhere have been shown to negatively 
impact the organisms that use eelgrass beds for recruitment, survival, and diet 
supplementation (Bostrom and Bonsdorff 2000, Waycott et al. 2009).  
Unfortunately, previous analyses of eelgrass populations have shown a decline 
in many areas where quantitative data are available, including both cool and warm 
climates (Baden et al. 2003, Greve et al. 2003, Moore and Jarvis 2008, Waycott et al. 
2009). In Puget Sound, eelgrass populations have been relatively stable, except in 
Hood Canal, where populations have declined somewhat (Dowty et al. 2005, Gaeckle 
et al. 2009). In order to restore eelgrass, it is important to identify habitat 
characteristics that would promote and sustain a healthy eelgrass system. Several 
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past studies have focused on factors that limit eelgrass distribution such as light 
attenuation, temperature, salinity, nutrient availability, and pore-water sulfide 
concentration (Koch 2001, Holmer and Laursen 2002, Thom et al. 2003, Mascaro et 
al. 2009, Krause-Jensen et al. 2011, Shafer et al. 2011). This study examined one of 
these factors – pore-water sulfide. 
 
Eelgrass biology. I studied both species of eelgrass in Padilla Bay, WA, Zostera 
japonica and Zostera marina. These eelgrasses are widely distributed in Padilla Bay 
and cover approximately 7500 acres (Bulthuis 1995, Padilla Bay NERR 2008). In 
general, Z. japonica is found in the upper intertidal zone whereas Z. marina is 
located in deeper intertidal and subtidal areas (Harrison 1982, Baldwin and 
Lovvorn 1994, Bulthuis 1995, Britton-Simmons et al. 2010). They are both part of 
the family Zosteraceae, which is composed of plants with creeping rhizomes, 
vegetative shoots, and seasonal reproductive flowering stems (Short and Coles 
2001, Larkum et al. 2006). In the Pacific Northwest, Z. japonica is the smaller species 
(leaves typically <20 cm long) and reproduces in the spring whereas Z. marina is 
larger (leaves typically 50 to 120 cm long) and devotes comparatively less of its 
resources to flowering and more to rhizomes, which enables it to overwinter 
(Harrison 1982, Baldwin and Lovvorn 1994). Padilla Bay eelgrass beds shift 
regularly in area and composition, leaving some areas bare that once had eelgrass 
and other areas covered that were once devoid of eelgrass (Padilla Bay NERR 2008). 
In some places, eelgrasses are absent from areas where the substrate appears black 
and smells like sulfide (personal observation).  
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 Diagenetic production of sulfide. Eelgrasses grow most often in highly reduced 
sediments and the sediment composition can vary depending upon the amount of 
organic material remineralization that takes place (the transformation of organic 
molecules to inorganic forms) (Jorgensen 1977, Pedersen et al. 2004, Burdige 2006). 
Bacterial metabolism dominates organic material break down, and near the surface 
of the sediment, bacteria use oxygen as an electron acceptor during respiration due 
to its high energetic favorability (Burdige 2006, Mitsch and Gosselink 2007). As 
oxygen becomes depleted, bacteria utilize alternate electron acceptors in the 
respiration process based on availability and energy yield (Burdige 2006, Mitsch 
and Gosselink 2007). In order of energetic favorability, bacteria will use nitrate, 
manganese oxide, iron oxide, and sulfate as alternate electron acceptors (Burdige 
2006, Mitsch and Gosselink 2007). The differences in energy yield create a vertical 
separation of these processes within the sediment. In this study, I am focusing on 
sulfate as the oxidizing agent. When sulfate-reducing bacteria use sulfate for 
respiration, various sulfide compounds may be produced including free sulfides 
(H2S, HS-) and due to the presence of reduced iron, FeS and FeS2. Free sulfide is the 
form that is toxic to eelgrass and increases in organic material may foster hydrogen 
sulfide production within sediments and accumulation in sediment pore-water 
(Jorgensen 1977, Hyland et al. 2005, Burdige 2006, Mitsch and Gosselink 2007).  
High concentrations of sediment sulfide have been thought to negatively affect 
photosynthesis in eelgrass and it has been demonstrated that an increase in 
hydrogen sulfide uptake through eelgrass roots leads to photosystem and tissue 
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degeneration (Havill et al. 1985, Pulido and Borum 2010, Korhonen et al. 2012). The 
flux of oxygen from roots and rhizomes of eelgrass can re-oxidize hydrogen sulfide 
to sulfate before the sulfide can enter the plant tissues (Elliot et al. 2006, 
Frederiksen and Glud 2006). However, if oxygen becomes limited and 
photosynthesis is reduced, sulfides can invade and kill the tissues and hinder the 
photosynthetic performance of eelgrass (Elliot et al. 2006, Korhonen et al. 2012). A 
chain of events can follow that begins with an increase in eelgrass death, leading to 
an increase in the flux of organic matter into the sediment, and a toxic increase of 
harmful sulfide (Jackson et al. 2001, Hyland et al. 2005). Previous studies have 
shown that despite re-establishment of sulfide-free conditions, the photosynthetic 
capacity of the eelgrass does not revert back to initially measured values (Pulido 
and Borum 2001, Korhonen et al. 2012). This demonstrates the possible effects of 
sulfide intrusion to eelgrass and the potential to cause permanent photosynthetic 
damage to struggling or recovering eelgrass populations (Korhonen et al. 2012).  
 
Hypothesis. This observation led the hypothesis that eelgrass abundance covaries 
with pore-water sulfide concentration. This study aimed to test this hypothesis for Z. 
japonica and Z. marina in Padilla Bay and to determine pore-water sulfide 
concentrations in a healthy eelgrass system. The goal was to better understand the 
role pore-water sulfide sediment chemistry plays in eelgrass distribution in Padilla 
Bay in an effort to promote successful restoration elsewhere in Puget Sound and 
beyond. 
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Methods  
 
Study Area. Padilla Bay is located in the northwestern portion of Washington 
State (48 40’ N, 122 50’ W). The bay is part of a National Estuarine Research 
Reserve and bounded on the east and south by diked farmlands, to the west by 
Guemes Channel, and to the north by Samish Island. The sediment is generally 
mixed in particle size, ranging from clay to gravel and distributed unevenly across 
the bay (O’Connor et al. 2001). The dominant eelgrasses are Zostera japonica and 
Zostera marina and they cover more than half of Padilla Bay (Bulthuis 1991, Padilla 
Bay NERR 2008). 
The area surrounding Padilla Bay was a Native American settlement for 5000 
years before the earliest settlers built log cabins on some of the surrounding islands 
beginning in the middle of the nineteenth century (Padilla Bay NERR 2008). 
Extensive diking then took place near Padilla Bay, re-routing many rivers and 
streams and bringing agriculture to the region (Padilla Bay NERR 2008). Today, 
Padilla Bay is part of an important migration route for Chinook (a threatened 
species), coho (a species of concern), pink and chum salmon (Simenstad et al. 1988, 
Padilla Bay NERR 2008). Pink and chum salmon are known to use the eelgrass 
meadows as a nursery (Simenstad et al. 1988, Padilla Bay NERR 2008). Dungeness 
crab, herring, and great blue herons also rely heavily on the bay while raising their 
young or using the habitat as a nursery (Dinnel et al. 1986, McMillan 1991, Padilla 
Bay NERR 2008). 
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The study area extended west into the bay for approximately 0.3 miles and was 
an estimated 0.6 miles in length from north to south (northwest boundary: 48 30’ 
N, 122 29’ 24” W, northeast boundary: 48 30’ N, 122 28’ 59” W, southwest 
boundary: 48 29’ 31” N, 122 29’ 24” W, southeast boundary: 48 29’ 31” N, 122 
28’ 59” W) (Figure 1.1). Within this boundary, data collection sites were randomly 
selected by latitude and longitude measurements each month. Ten locations were 
selected beginning in June 2013 and ending in September 2013 for a total of 40 sites 
(Figure 1.1).  
 
Pore-water sippers. Sipper design was based on the description by Howes et al. 
(1985) and Fuller (1994) and were constructed using 5 mm outer diameter and 1.5 
mm inner diameter thick-walled glass capillary tubing. Lengths were cut with a tile 
saw to 12 cm and 30 cm lengths. Needle caps were attached to the lengths of tubing 
and the tubing was topped with sleeve stopper septa by placing the entire outer rim 
over the glass edges and then folding down to ensure a seal. Sipper heights (15 cm 
or 30 cm) were chosen while in the field based on the height of the tide at the 
sample site. 
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Figure 1.1. Map of the study sites from June 2013 to September 2013 in Padilla Bay, 
Washington. Symbols indicate the presence of Z. japonica, Z. marina, or both species 
recorded at each study site. 
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Sulfide antioxidant buffer. Sulfide antioxidant buffer (SAOB) was prepared by 
mixing 8 g of 10 M NaOH pellets, 3.5 g ascorbic acid, and 6.7 g disodium EDTA and 
diluting with MilliQ water to 100 mL. This process was repeated before every 
sampling date and the SAOB was transferred to 3 mL syringes. The syringes were 
filled with approximately 2 mL of SAOB and a short length of flexible tubing was 
attached to the end. This was to enable transfer of SAOB to syringes filled with pore-
water in the field without exposure to oxygen. 
 
Sulfide standard calibrations. To create calibration standards, a saturated sulfide 
stock was created by dissolving 25 g of sodium sulfide nonahydrate in 100 mL of 
MilliQ water. An intermediate sulfide standard was created by pipetting 1.5 mL of 
saturated sulfide stock into 100 mL of MilliQ water and 20 mL of this solution was 
pipetted into two glass vials. The intermediate sulfide solution was then calibrated 
by titration against a 0.1 M lead perchlorate solution before further diluting it to 
make known calibration standards for the ThermoScientific Orion silver/sulfide 
electrode. Small volumes (25 L to 1 mL) of the lead perchlorate solution were 
pipetted into the intermediate sulfide solution vials until the titration reached the 
endpoint, indicated by a decrease in the mV readings. Titrations were performed 
twice and the results averaged. Once the concentration of the intermediate sulfide 
solution was known, it was used to create calibration sulfide standards of 0.1, 0.5, 1, 
2.5, and 5 mM concentrations with volumes of 5 mL. Oxygen was bubbled out of 
each vial with nitrogen gas and 5 mL of SAOB solution was added. Then a standard 
curve was constructed (mV versus log sulfide concentration) which was used to 
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calculate sulfide concentrations from sediment pore-water samples. New standards 
were created for each sampling date. 
 
 Plant counts and pore-water sulfide collection and analysis. Each month, ten 
latitude/longitude coordinates were randomly chosen for sample sites within the 
study area. A GPS application on a smartphone was used to locate all of the sample 
sites in the bay. Once the site was reached, a 0.27 m2 quadrat was laid down and the 
number of Z. japonica plants and Z. marina shoots were counted and recorded. Next, 
a sipper was inserted into the sediment at depths of 3 cm, 6 cm, and 12 cm to collect 
a pore-water sulfide profile. At each depth, a pre-labeled syringe and needle (23 
gauge) was inserted through the septa stopper at the top of the sipper and pore-
water was drawn out by the vacuum created by pulling the syringe piston. The first 
1 mL of pore-water was discarded and the next 1 mL of pore-water was collected for 
the sample, making sure that no air bubbles entered the syringe. A pre-filled syringe 
of SAOB was adjusted to match the volume of pore-water collected and the SAOB 
was injected into the sample syringe via flexible tubing. This process was repeated 
at every location for all three depths. 
 The pore-water samples were transferred to pre-labeled glass vials and sulfide 
concentration was measured using the silver/sulfide electrode. A core was collected 
from within the study area and a porosity (volume of pore water space/volume of 
sediment) profile was measured by sampling 1 cm3 sections of the core, weighing 
them, drying them for 48 hours at 175F, and then reweighing the samples after 
they had reached constant mass. The concentration of hydrogen sulfide measured at 
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3, 6, and 12 cm at each study site was multiplied by the porosity value at each depth. 
A log function was fit to sulfide profiles from each study site and the integral was 
calculated as the definite integral of the fitted curve from 0-12 cm. It was assumed 
that no pore-water sulfide was present at the surface (0 cm depth). 
 
 Data analysis. To test the hypothesis posed in this study, Z. japonica shoots, Z. 
marina shoots, total eelgrass shoots, and the inventory of sulfide were compared 
using Pearson’s correlations. Measurements were taken four times from June 2013 
to September 2013 and a Bonferonni corrected α of 0.0125 was used. The pore-
water sulfide concentrations sampled at all sites and depths were also analyzed 
using a mixed-effects ANOVA. There was only one data point for each combination 
of depth and study site and no replication as a result. Tukey’s test for additivity was 
used to show that the assumption of additivity was correct. A Shapiro-Wilk test was 
used to test for normality. Because the data violated the normality assumption, a 
Fligner-Killeen test was used to test whether the variance among the means was 
homoscedastic as it is less sensitive to a departure from normality. The data were 
homoscedastic. All statistics were calculated using RStudio. 
 
Results 
 
There were no significant correlations found between the inventory of sulfide 
and the Z. japonica shoots (r=-0.0113, p=0.945), Z. marina shoots (r=0.0796, 
p=0.625), or total eelgrass shoots (r=-0.00115, p=0.994) (Table 1.1).  The average 
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inventory of sulfide was the highest in July (0.827 mmol cm-2), lowest in August  
(0.275 mmol cm-2), and rose slightly in September (0.341 mmol cm-2). The June 
average inventory of sulfide was 0.420 mmol cm-2. This pattern paralleled the 
average pore-water sulfide concentrations calculated per month of data collection 
(June=0.097 mM, July=0.208 mM, August=0.067 mM, September=0.080 mM). 
When the samples were separated by time of collection, there were no 
significant correlations between eelgrass and the inventory of sulfide. In August, the 
correlation between Z. japonica and sulfide resulted in the lowest p-value (r=0.678, 
p=0.031), but was still not considered significant compared to the Bonferonni 
corrected α of 0.0125 (Table 1.2). In August and September, increased sulfide was 
observed where total eelgrass shoot densities were high (Figure 1.5). This pattern 
was also true for Z. japonica shoots and the inventory of sulfide. The highest sulfide 
in August and September occurred in areas of high Z. japonica shoot densities and 
low to zero Z. marina shoot densities (Figures 1.3, 1.4). 
There was no significant interaction between sulfide concentrations measured at 
3, 6, and 12 cm depths and the study site locations sampled within Padilla Bay 
(F[1,77]=3.32, p=0.0722). The data were not normally distributed (Shapiro Wilk test: 
W=0.9532, p=1.44e-13), but were homoscedastic (Fligner-Killeen test: 2=1.1132, 
p=0.5732). Tukey’s test for additivity showed that the assumption of additivity was 
met (F[1,77]=0.056, p=0.813). Several of the study sites demonstrated representative 
logarithmic profiles of sulfide with an increase in sulfide concentration as the depth 
increased (Figure 1.2). 
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Discussion 
 
 From June 2013 to September 2013, eelgrass shoots were not significantly 
correlated with the inventory of sulfide. These results supported the null hypothesis 
that eelgrass abundance does not covary with sulfide concentrations. 
 Normally, I would expect variations in pore-water sulfide concentrations to be 
affected by seasonal variations in Padilla Bay. Carlson et al. (2000) found that pore-
water sulfide concentrations did vary seasonally in south Florida eelgrass beds. In 
the spring, sulfide concentrations were lower than 1 mM on average (

x =0.54 mM, 
April 1996=0.43 mM) and increased in the fall (

x =0.73 mM, September 1996=0.76 
mM) (Carlson et al. 2000). Additionally, Blaabjerg et al. (1998) found that sulfate 
reduction rates were three times higher in August than in April in a Denmark 
eelgrass bed. However in Padilla Bay, pore-water sulfide concentrations varied 
seasonally, but the highest concentrations were found in July and the lowest in 
August. Although the temperatures in Padilla Bay (2013 sampling day 
temperatures: June=16.1C, July=15.7C, August=18.6C, September=16.1C) (NOAA 
2004) may lead to higher rates of bacterial respiration, the field data did not 
indicate that there was an increase in pore-water sulfide concentrations. While the 
data hinted at a possible trend between Z. japonica density and the inventory of 
sulfide in August, there were a lack of significant patterns within the data and the 
lower p-value could have been a result of repeating the test four times.  
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Table 1.1 Pearson’s correlations and p-values for Z. japonica shoots, Z. marina 
shoots, total eelgrass shoots, and the inventory of sulfide (mmol cm-2) from a depth 
of 0-12 cm at the study sites (n=40) in Padilla Bay, Washington.  
 
 Sulfide (mmol cm-2) 
Eelgrass  r p 
Z. japonica shoots -0.0113 0.945 
Z. marina shoots 0.0796 0.625 
Total shoots -0.00115 0.994 
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Table 1.2 Pearson’s correlations and p-values for Z. japonica shoots, Z. marina 
shoots, total eelgrass shoots, and the inventory of sulfide (mmol cm-2) from a depth 
of 0-12 cm at the study sites (n=40) in Padilla Bay, Washington. Correlations and p-
values were separated for each month of data collection from June 2013-September 
2013. A Bonferonni corrected α of 0.0125 was used in this analysis. 
 
Eelgrass 
Sulfide (mmol cm-2) 
June July August September 
r p r p r p r p 
Z. japonica 
shoots 
 
-0.28 0.43 -0.43 0.21 0.68 0.031 -0.025 0.95 
Z. marina 
shoots 
 
0.19 0.60 0.093 0.80 -0.49 0.15 -0.34 0.37 
Total 
shoots 
-0.28 0.43 -0.47 0.18 0.68 0.031 -0.057 0.88 
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Figure 1.2 Representative profiles of sulfide concentration (mM) at 3, 6, and 12 cm 
depths at four different study sites (one for each month of data collection) in Padilla 
Bay, Washington. 
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Figure 1.3 The number of Z. japonica shoots present (m-2) per sampling site (n=40) 
versus inventory of sulfide (mmol cm-2) at each site from a depth of 0-12 cm in 
Padilla Bay, Washington. 
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Figure 1.4 The number of Z. marina shoots present (m-2) per sampling site (n=40) 
versus inventory of sulfide (mmol cm-2) at each site from a depth of 0-12 cm in 
Padilla Bay, Washington. 
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Figure 1.5 The number of total eelgrass shoots present (m-2) per sampling site 
(n=40) versus inventory of sulfide (mmol cm-2) at each site from a depth of 0-12 cm 
in Padilla Bay, Washington. 
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Overall, the general lack of significant correlations between the inventory of 
sulfide at all of the study sites and eelgrass shoot counts may be due to the low 
levels of pore-water sulfide concentrations (all <0.75 mM) found in Padilla Bay and 
a tolerance of eelgrass to these levels (Terrados et al. 1999, Carlson et al. 2000).  
Annual average pore-water sulfide concentrations where seagrass was present and   
thriving at a study site in a Florida bay ranged from 0.59-0.71 mM from 1994-1996, 
with concentrations reaching 2.70-4.70 mM in areas where die-off occurred in 1999 
(Carlson et al. 2000). Similarly, Terrados et al. (1999) found no significant 
differences in the net change in the number of shoots of Z. marina when pore-water 
sulfide levels were raised from a very low concentration of 13 M to 73 M.  The 
sulfide values from Carlson et al. (2000) and Terrados et al. (1999) indicate that 
Zostera species tolerate low concentrations of sulfide found in otherwise suitable 
habitats. 
In Padilla Bay, photosynthesis during the day and oxygen diffusion from roots at 
night likely re-oxidized sulfide to sulfate, combating potential sulfide intrusion. 
Eelgrass plants retain high internal oxygen content overnight as long as the water 
column dissolved oxygen concentration remains high enough to diffuse across the 
water-leaf interface (Greve et al. 2003, Borum et al. 2005), which would be likely in 
Padilla Bay. Dissolved oxygen readings during the sampling dates at 1:00 AM ranged 
from 6.3 mg L-1 in September to 8.6 mg L-1 in August (NOAA 2004). It would be 
interesting to continue this study seasonally to examine the variation in eelgrass 
density and pore-water sulfide concentration in areas such as Hood Canal where 
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dissolved oxygen ranges from 1.9 mg L-1 in September to 4.3 mg L-1 in June 
(Essington and Paulsen 2010). 
The field study conducted in Padilla Bay suggests that while there are seasonal 
differences in pore-water sulfide concentrations, there does not seem to be a 
significant relationship between eelgrass abundance and the inventory of sulfide. 
Eelgrass may have a general tolerance to sulfide at concentrations measured in 
Padilla Bay and the current concentration ranges are likely not high enough to result 
in significant correlations between eelgrass shoots and sulfide. Photosynthesis 
during the day paired with high dissolved oxygen concentration in the water column 
may also prevent toxic sulfide intrusion into the eelgrass tissues. 
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CHAPTER 2. 
THE EFFECTS OF ELEVATED CONCENTRATIONS OF PORE-WATER SULFIDE ON A 
NATIVE AND NON-NATIVE COGENER (ZOSTERA JAPONICA AND ZOSTERA MARINA) 
IN PADILLA BAY, WASHINGTON. 
 
 
Introduction 
 
 Factors that affect eelgrass distribution and survival include their tolerance 
limits to light, depth, salinity, water quality, and nutrient availability (Harrison 
1982, Koch 2001, Holmer and Laursen 2002, Mascaro et al. 2009, Ruesink et al. 
2010, Krause-Jensen et al. 2011, Shafer et al. 2011). Another factor that may affect 
eelgrass habitat suitability and success is pore-water sulfide (Greve et al. 2003, 
Frederiksen et al. 2006, Korhonen 2012).  Eelgrasses normally grow in highly 
reduced sediments where potentially toxic compounds such as manganese, iron, and 
sulfide are naturally present (Jorgensen 1977, Pedersen et al. 2004, Burdige 2006). 
Due to their locations in marine environments and the buildup of plant detritus and 
other kinds of organic matter, eelgrass beds have higher rates of sedimentation and 
higher levels of sulfide production when compared to other habitats (Harrison and 
Mann 1975, Pollard and Moriarty 1991, Isaksen and Finster 1996, Holmer and 
Nielsen 1997, Holmer et al. 2005).  
It has already been suggested that high pore-water sulfide concentrations have 
the capability of damaging eelgrasses and may also be a factor in large-scale eelgrass 
die off events (Carlson et al. 2000, Baden et al. 2003, Greve et al. 2003, Moore and 
Jarvis 2008, Waycott et al. 2009). High sulfide concentrations have also been 
hypothesized to slow eelgrass growth and affect photosynthetic processes, 
 23 
sometimes permanently (Pulido and Borum 2010, Korhonen 2012). In order to 
negatively affect the plants, sulfide must diffuse into the tissue. Sulfide intrusion can 
be reduced by a layer of oxygen surrounding roots tips of the eelgrass that oxidizes 
sulfide to sulfate (Elliot et al. 2006, Frederiksen and Glud 2006). It has been 
hypothesized that photosynthetic processes and oxygen diffusion provide enough 
oxygen to eelgrasses during the day to sustain an oxidized rhizosphere throughout 
the night (Greve et al. 2003, Borum et al. 2005). As a result, most manipulative 
studies with eelgrasses so far have focused on sulfide intrusion while changing light 
and/or water column aeration and quantifying growth and survival (Holmer and 
Laursen 2002, Greve et al. 2003, Pedersen et al. 2004).  
No research has examined the effects of pore-water sulfide on Z. japonica and Z. 
marina in Padilla Bay. Depending on the environment, pore-water sulfide 
concentrations can vary widely from 0 to >10 mM (Terrados et al. 1999, Carlson et 
al. 2000, Pedersen et al. 2004, van der Heide et al. 2012). The value of examining 
pore-water sulfide and eelgrass in Padilla Bay is high. Eelgrass beds are considered 
part of a healthy environment and data collected as part of this study can be 
compiled with other data from the Pacific Northwest. An understanding of the 
effects of pore-water sulfide on eelgrass in different habitats may lead to more 
successful restoration planning efforts. In the field component of this study, random 
study sites in a designated area of the bay were sampled for pore-water sulfide and 
the sulfide concentrations observed ranged from 0.032 µM to 0.74 mM. These data 
assisted in determining the sulfide treatment manipulations in the eelgrass 
laboratory experiment. 
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The aim of this study was to examine several questions and hypotheses 
regarding Z. japonica and Z. marina in Padilla Bay: 
- Question 1: Are growth rates of Z. japonica and Z. marina affected by manipulated 
pore-water sulfide concentrations? 
- Null hypothesis: Growth rates in treatments with elevated sulfide will be similar to 
controls. 
- Alternate hypothesis: Growth rates will decrease as the concentration of pore-
water sulfide increases. 
 
- Question 2: Are Z. japonica and Z. marina photosynthetic yields affected by 
manipulated pore-water sulfide concentrations? 
- Null hypothesis: Photosynthetic yields of eelgrass in treatments with elevated 
sulfide will be similar to controls. 
- Alternate hypothesis: Photosynthetic yields will decrease as the concentration of 
pore-water sulfide increases. 
 
 Since the two eelgrass species live at different elevations, it would be difficult to 
perform a manipulative pore-water sulfide experiment in the field, so Z. japonica 
and Z. marina were kept under outdoor laboratory conditions and allowed to grow 
under different pore-water sulfide treatments. No other factors were manipulated. 
Over four weeks the eelgrasses were monitored for changes in growth rates. 
Photosynthetic yield was measured at the conclusion of the experiment. The results 
of this experiment will help increase existing knowledge about eelgrass and sulfide 
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tolerance as well as the relationship between pore-water sulfide and the health of 
Padilla Bay eelgrasses. 
 
Methods 
 
 In order to test the hypotheses posed in this study, I manipulated pore-water 
sulfide in a laboratory experiment spanning four weeks, the growth of eelgrass 
shoots was recorded weekly and photosynthetic yield was measured at the 
conclusion of the study. The goal was to monitor changes in growth in eelgrass 
shoots treated with high concentrations of pore-water sulfide versus seawater to 
analyze differences in photosynthetic output in the manipulated and control 
eelgrasses. 
 
Plant collection and set up. Thirty Z. japonica and thirty Z. marina plants were 
collected in September 2013 from randomly chosen study sites within a study area 
containing abundant eelgrass in Padilla Bay. Thirty additional samples of sediment 
were also collected from randomly selected locations in the bay. All samples were 
extracted with a sediment corer and transferred immediately to pre labeled plastic 
16 ounce cups. They were stored upright and transported to the Shannon Point 
Marine Center. 
The cups were randomly placed in rows in a 120 gallon fiberglass tub and 
thinned so the Z. japonica and Z. marina treatments only contained one eelgrass 
shoot and the other cups contained no shoots. Thirty holes were punched with a 23-
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gauge needle in the cups receiving no sulfide treatment to promote pore-water 
exchange and all of the individual eelgrass shoots were allowed to acclimate for one 
week. Eelgrass shoots were cleaned of epiphytes weekly. 
 
Experimental set up. The study was set up as a repeated measures experiment 
consisting of two concentrations of pore-water sulfide treatments and a control 
treatment and two species of eelgrass and a bare sediment control. Ninety 16-ounce 
plastic cups were labeled with species names and treatment concentrations. There 
were three treatments: no treatment (seawater), a moderate concentration sulfide 
treatment with a final pore-water sulfide concentration of approximately 1 mM, and 
a high concentration sulfide treatment with a final pore-water sulfide concentration 
of approximately 5 mM. These concentrations were based on data collected from the 
field sample sites during the field study (the 1 mM treatment was close to the 
highest concentration that I measured in the bay whereas the 5 mM treatment was 
much higher). For both plant species and the bare sediment control, there were 10 
replicates per treatment for a total of 90 replicates in the experiment. 
 
Pilot study. At the end of the acclimation period before the treatments began, a 
pilot study was performed to determine the concentrations of sulfide required to 
produce levels equal to the desired 1 mM and 5 mM. It was determined that the low 
level treatment required the addition of 10 mL of 9.2 mM sulfide to raise the pore-
water sulfide concentration to 1 mM. The high level treatment required the addition 
of 10 mL of 52.2 mM sulfide to raise the pore-water sulfide concentration to 5 mM.  
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Baseline sulfide levels. After acclimating for one week, sippers were used to 
collect pore-water at a 6 cm depth. Once a sample was taken it was mixed with an 
equal volume of SAOB and sulfide concentrations were measured using an iso-
selective electrode as described previously (Chapter 1) to determine baseline 
concentrations of pore-water sulfide within each replicate. 
 
Treatments. Three 2-liter bottles were prepared to hold either the moderate 
treatment of sulfide, high treatment of sulfide, or filtered seawater. All of the sulfide 
treatments were diluted to the correct concentrations using filtered seawater to 
replicate natural conditions. The bottles containing sulfide were sealed with a 
septum to prevent oxygen from entering the solutions. 
Each week, sippers were inserted into the treatment cups. A 10 mL syringe and 
the sipper were used to inject treatment solutions into sediment pore-water. For 
each treatment, I calculated the total quantity of sulfide needed to bring final sulfide 
pore-water concentrations to 1 mM or 5 mM and injected appropriate volumes. The 
control cups received 10 mL of seawater each week. 
Two days after sulfide manipulations, I measured sulfide concentrations in each 
replicate. Samples were collected from 6 cm depths and preserved in SAOB. One 
sample from each replicate was processed each week (n=90). I used a 
ThermoScientific Orion silver/sulfide electrode and sulfide concentration was 
calculated after calibrating the electrode using known concentrations of sulfide 
(verified by lead titration). The methodology for sulfide concentration 
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measurements was the same as described in Chapter 1. The experiment lasted for a 
total of five weeks: one week for acclimation and four weeks of sulfide 
manipulations and eelgrass growth measurements. 
 
Growth measurements. Two days after sulfide measurements, growth of Z. 
marina shoots was measured by the pin-prick method (Short and Coles 2001). 
Briefly, shoots were removed from the flow through seawater system and a hole 
was poked through the uppermost part of their leaf sheath. The amount of new 
growth was recorded for each leaf and the measurements were totaled per shoot 
(mm). A new hole (poked weekly in the same location) marked the emerging 
portion of the new leaves to track growth for the following week. 
 Z. japonica leaves were too small for this method so they were also removed 
from the seawater system and their leaves were cut each week to the top of the 
meristem as outlined by Short and Coles (2001). The new growth was quantified by 
the amount of total new growth seen the following week.  
 
Photosynthetic efficiency. A diving-PAM underwater chlorophyll fluorometer 
(Heinz Walz, Effeltrich, Germany) was used to measure the photosynthetic yield (the 
efficiency of PSII photochemistry) of the eelgrass shoots. Shoots were removed from 
the flow-through seawater system and placed in a dark room for at least thirty 
minutes to “dark adapt”. Shoots allowed to adapt to dark conditions before 
fluorescence measurements provide the most accurate photosynthetic yield results 
(Krause and Weis 1991, Maxwell and Johnson 2000). This reduced the effects of  
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“quenching”, a decrease in fluorescence intensity as a result of all reaction centers 
sitting in the active “open” state (Krause and Weis 1991). The methods for dark 
adaptation and yield measurement were similar to those outlined by Schreiber et al. 
(1989) and Beer et al. (1998). Fluorometry measurements were performed at the 
conclusion of the experiment. 
 
Data analysis. An analysis of variance of repeated measures model was created 
where the factor levels were species of eelgrass, sulfide manipulation treatments, 
replicates, and duration of the experiment. All of the factors were fixed except for 
the replicates, which were randomly selected.  Fifty-nine degrees of freedom existed 
between the subjects and 180 degrees of freedom within the subjects for a total of 
239 degrees of freedom in the experiment. The growth of Z. japonica and Z. marina 
for all pore-water sulfide treatments was analyzed using an analysis of variance of 
repeated measures (ANOVAR) test. Mauchly’s sphericity, a test of equal variances 
among all pairs of groups, was found to violate ANOVA assumptions. Therefore, I 
reported Hyunh-Feldt corrected p-values. Post-hoc paired t-tests were used to 
analyze pairwise comparisons between sulfide treatments with Bonferroni 
corrections. The effects of pore-water sulfide treatments on Z. japonica and Z. 
marina photosynthetic yield were tested by a two-way analysis of variance 
(ANOVA). A Shapiro-Wilk test was used to test for normality. Because the data 
violated the normality assumption, a Fligner-Killeen test was used to test whether 
the variance among the means was homoscedastic as it is less sensitive to a 
departure from normality. The data were homoscedastic. Average pore-water 
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sulfide concentrations among the sediment, Z. japonica, and Z. marina control 
treatments were analyzed using an analysis of variance (ANOVA). A Shapiro-Wilk 
test was used to test for normality. Because the data violated the normality 
assumption, a Fligner-Killeen test was used to test whether the variance among the 
means was homoscedastic as it is less sensitive to a departure from normality. The 
data were homoscedastic. All statistics were calculated using RStudio. 
 
Results 
 
After four weeks, Z. japonica shoots showed significant differences in average 
growth over the course of the experiment. The shoots that received filtered 
seawater treatments instead of sulfide (Control) grew an average of 1.50 mm per 
day during the first week of the experiment and an average of 3.43, 3.24, and 2.79 
mm per day during week 2, week 3, and week 4 (Figure 2.1). The shoots that 
received the lower sulfide treatment (Moderate Sulfide) grew an average of 0.83 
mm per day during week 1 and 2.00, 1.91, and 1.79 mm per day from week 2 
through week 4 (Figure 2.1). The shoots that received the higher sulfide treatment 
(High Sulfide) grew the slowest, with shoots averaging a 0.81 mm growth per day 
during week 1 and 1.24, 1.49, and 1.29 mm average growth per day from week 2 
through week 4 (Figure 2.1).  
Z. marina shoots also showed significant differences in average growth 
measurements throughout the experiment. Shoots treated with filtered seawater 
grew an average of 17.1 mm per day in week 1, and an average of 31.1, 20.6, and 
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19.1 mm per day from week 2 through week 4 (Figure 2.2). Shoots treated with the 
moderate concentration of sulfide grew an average of 8.91 mm per day during week 
1, and 9.67, 5.50, and 6.33 mm per day from week 2 through week 4 (Figure 2.2). 
Shoots treated with the higher concentration of sulfide grew slightly more on 
average each week compared to the shoots treated with the moderate concentration 
of sulfide. In week 1, the shoots grew 10.89 mm on average per day and 11.26, 9.43, 
and 6.50 mm from week 2 through week 4 (Figure 2.2).  
Post-hoc paired t-test comparisons between shoots treated with seawater, 
moderate sulfide, and high sulfide were performed for the growth of Z. japonica 
shoots and Z. marina shoots (Table 2.3). For Z. japonica, there were significant 
differences in growth rate among all of the treatment types. For Z. marina shoots, 
there were significant differences in growth only between the seawater treatment 
and moderate sulfide treatment (p=4.1e-14) and the seawater treatment and high 
sulfide treatment (p=2.0e-11) (Table 2.3).  
The growth of untreated Z. japonica and Z. marina shoots significantly differed 
from the growth of the shoots treated with sulfide. Treated Z. marina shoots showed 
slower growth than the untreated shoots, but the growth rates between the treated 
shoots were not significantly different. Treated Z. japonica shoots showed 
significant differences in growth, with slower growth in shoots treated with high 
sulfide and moderate growth in shoots treated with moderate sulfide 
concentrations.  There was a significant interaction between “Treatment” and 
“Week” (p=0.00128), which suggested that the effects of sulfide varied from week to 
week (Table 2.1). The significant interaction between “Species”, “Treatment”, “and 
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“Week” (p=0.0116) suggested that Z. japonica and Z. marina responded differently 
to the sulfide treatments (Table 2.1). The interaction term occurred because Z. 
japonica shoots treated with moderate sulfide grew faster than shoots treated with 
high sulfide whereas Z. marina shoots treated with high sulfide grew faster than 
those treated with moderate sulfide (Figures 2.1, 2.2). There were differences 
between average pore-water sulfide concentrations and the points at which Z. 
japonica and Z. marina shoots showed a transition from a decrease in growth to the 
lowest levels of growth in the experiment (Figures 2.6, 2.7). Z. japonica shoots 
showed a decline in growth per day when average pore-water sulfide 
concentrations ranged from 0 to 1 mM and the lowest levels of growth when the 
average sulfide concentration was greater than 1 mM (Figure 2.6). Z. marina shoots 
showed a decline in growth per day when average pore-water concentrations 
ranged from 0.0 to 0.3 mM and the lowest levels of growth when the average sulfide 
concentration was greater than 0.3 mM (Figure 2.7). 
There was no statistically significant interaction between the sulfide treatment 
level and eelgrass species in photosynthetic yield outputs (p=0.62258) and the 
partial eta squared values (2) revealed small effect sizes (Table 2.2). The 
photosynthetic yield outputs among Z. japonica and Z. marina shoots in week 4 of 
the experiment showed overall lower means in shoots treated with sulfide versus 
seawater, but large ranges of measured values (Figure 2.3). Z. japonica shoots had 
higher average photosynthetic yield in the control treatments (

x =0.79) and higher 
average yields in the shoots treated with the higher concentration of sulfide (

x 
=0.68) versus the moderate concentration (

x =0.66) (Figure 2.3). Z. marina shoots 
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showed the same pattern where control shoots had the highest average 
photosynthetic yield (

x =0.73), while shoots treated with the higher concentration 
of sulfide had higher average yields (

x =0.72) than those treated with moderate 
sulfide concentrations (

x =0.71) (Figure 2.3). However, these differences were not 
statistically significant. The photosynthetic efficiency of Z. japonica and Z. marina 
shoots did not vary with differences in average pore-water sulfide concentrations 
(Figures 2.4, 2.5)  
The average Z. japonica and Z. marina pore-water sulfide concentrations over 
the course of the experiment varied as it was impossible to precisely control the 
concentration of sulfide in this laboratory setting. For Z. japonica shoots, there were 
several pore-water sulfide concentrations that were higher or lower than the 
intended final concentration. For example, some moderate sulfide treatments 
resulted in average concentrations greater than 2 mM, with one average reaching >5 
mM (Figures 2.4, 2.6). For Z. marina shoots, the average pore-water sulfide 
concentration for one control shoot was higher than 1.5 mM (all others were <0.5 
mM), while the pore-water sulfide concentration for some shoots treated with high 
sulfide was averaging lower than 1 mM (Figures 2.5, 2.7). No significant differences 
were found in average pore-water sulfide concentrations between the sediment 
control containers, the Z. japonica control containers, and the Z. marina control 
containers (F[2, 27]=0.48, p=0.624).  
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Table 2.1 Summary of the Z. japonica and Z. marina ANOVAR results for the growth 
and pore-water sulfide treatments with corrected Hyunh-Feldt p-values. All within 
subjects interactions were found to be significant.  
 
 
DF F 
Hyunh-Feldt 
corrected p-value 
Between Subjects    
Species 1 169.031  
Treatment 2 32.931  
Species*Treatment 2 22.643  
Within Subjects    
Week 3 10.031 0.0000146 
Species*Week 3 8.023 0.000131 
Treatment*Week 6 4.154 0.00128 
Species*Treatment*Week 6 3.022 0.0116 
Residuals 216   
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Table 2.2 Summary of the Z. japonica and Z. marina two-way ANOVA results for the 
photosynthetic yield and pore-water sulfide treatments.  
 
 DF SS MS F p 2 
Treatment 2 21097 1058.7 2.4467 0.09613 0.08308 
Species 1 18270 18270.2 4.2376 0.04438 0.07276 
Treatment*Species 2 4122 2061.2 0.4781 0.62258 0.01739 
Residuals 54 232819 4311.5    
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Table 2.3 Pairwise t-test results with growth as the dependent variable and 
treatment as the independent variable for Z. japonica and Z. marina shoots treated 
with seawater, moderate levels of sulfide, and high levels of sulfide. Due to a 
violation of the sphericity assumption, Bonferonni adjustments were applied to the 
p-values. Significant values are bolded. 
 
 Z. japonica Z. marina 
 
Moderate 
Sulfide 
High 
Sulfide 
Moderate 
Sulfide 
High 
Sulfide 
High Sulfide 0.0052 NA 0.73 NA 
No Treatment 4.1e-11 <2.0e-16 4.1e-14 2.0e-11 
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Figure 2.1 The experimental week versus the growth per day (mm) of Z. japonica 
shoots (n=30) treated with moderate levels of pore-water sulfide, high levels of 
pore-water sulfide, and no added pore-water sulfide. Error bars represent standard 
error. 
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Figure 2.2 The experimental week versus the growth per day (mm) of Z. marina 
shoots (n=30) treated with moderate levels of pore-water sulfide, high levels of 
pore-water sulfide, and no added pore-water sulfide. Error bars represent standard 
error. 
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Figure 2.3 The pore-water sulfide treatment levels versus the photosynthetic yield 
of Z. japonica and Z. marina shoots (n=60). The circle (°) indicates an outlier. 
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Figure 2.4 The average pore-water sulfide concentration (mM) versus the 
photosynthetic yield of Z. japonica shoots (n=30) treated with moderate levels of 
pore-water sulfide, high levels of pore-water sulfide, and no added pore-water 
sulfide over four weeks.  
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Figure 2.5 The average pore-water sulfide concentration (mM) versus the 
photosynthetic yield of Z. marina shoots (n=30) treated with moderate levels of 
pore-water sulfide, high levels of pore-water sulfide, and no added pore-water 
sulfide over four weeks.  
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Figure 2.6 The average pore-water sulfide concentration (mM) versus the growth 
per day (mm) of Z. japonica shoots (n=30) treated with moderate levels of pore-
water sulfide, high levels of pore-water sulfide, and no added pore-water sulfide 
over four weeks.  
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Figure 2.7 The average pore-water sulfide concentration (mM) versus the growth 
per day of Z. marina shoots (n=30) treated with moderate levels of pore-water 
sulfide, high levels of pore-water sulfide, and no added pore-water sulfide over four 
weeks.  
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Discussion 
 
 Elevated concentrations of pore-water sulfide reduce growth of eelgrass in 
Padilla Bay, supporting the first alternative hypothesis. Both Z. japonica and Z. 
marina shoots showed decreased growth treatments with pore-water sulfide versus 
those treated with seawater. The 1 mM and 5 mM treatments caused a decrease in 
eelgrass growth over a four-week period (Figures 2.1, 2.2).  In Z. japonica, increased 
sulfide concentration reduced shoot growth, with shoots treated at the highest level 
of sulfide growing the slowest (Figures 2.1, 2.6, Table 2.3). In contrast, the highest 
sulfide concentration treatment resulted in Z. marina shoots that grew at a rate 
similar to the moderate concentration of sulfide, but lower than the control (Figure 
2.7, Table 2.3). The difference may be explained by the differences in sulfide 
tolerance (Figure 2.7). It may be that Z. japonica has a higher pore-water sulfide 
tolerance than Z. marina, which is why there was no significant difference in growth 
between Z. marina shoots treated with moderate and high pore-water sulfide 
(Figures 2.6, 2.7). Z. marina shoot growth peaked during week 2 of the experiment 
(Figure 2.2). This, paired with the differences in the amount of growth between the 
eelgrass species, likely explains the significant three-way interaction in the ANOVAR 
analysis between “Species”, “Treatment”, and “Week” (Table 2.1). The overall 
decrease in eelgrass growth after the addition of sulfide can be attributed to sulfide 
intrusion into the roots, rhizomes, and shoots, which has been shown to slow overall 
growth and/or biomass of eelgrass in previous experiments (Terrados et al. 1999, 
Pedersen et al. 2004, Holmer et al. 2005, Mascaro et al. 2009).  In a study where 
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growth rates were reported for Z. marina shoots under organically enriched 
sediments to promote elevated sulfide production and unmanipulated sediments, 
growth rates were reduced by a factor of five in the organically enriched sediments 
(Moscaro et al. 2009). This pattern was a direct result of sulfide invasion into plant 
tissues and large internal sulfide stress on the eelgrass (Moscaro et al. 2009). Shoots 
of Z. marina from Padilla Bay showed a similar pattern, with the average growth 
ranging from 17 mm – 31 mm per day in those exposed to seawater treatments and 
decreasing to 5.5 mm – 11 mm per day for shoots exposed to sulfide treatments 
(Figure 2.2). 
 The photosynthetic yield for Z. japonica and Z. marina plants treated with both 
the moderate and high concentrations of sulfide were slightly lower than plants 
treated with filtered seawater. Although the values were not statistically significant, 
a pattern indicated potential negative effects of pore-water sulfides on 
photosynthetic yields of eelgrasses in Padilla Bay if concentrations climbed high 
enough within the sediment (Figure 2.3). Again, photosynthetic yield variance and a 
lack of significant results may be due to the variability seen in the average pore-
water sulfide concentrations for Z. japonica and Z. marina shoots (Figures 2.4, 2.5). 
It was difficult to precisely control the final pore-water sulfide concentrations in this 
lab setting and both Z. japonica and Z. marina had data points whose average sulfide 
concentrations ranged higher and lower than the intended concentrations and 
contained outliers (Figures 2.4, 2.5).  
The trends seen in this experiment were similar to those from studies where Z. 
marina photosynthetic yield was monitored following light and/or temperature 
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manipulations (Biber et al. 2005, Pulido and Borum 2010). Under differing low light 
treatments meant to simulate anoxic sediment conditions, Biber et al. (2005) found 
that photosynthetic yields for Z. marina were approximately 0.65 under full light 
and decreased to 0.5 after four weeks of lower than normal light conditions. They 
also found that the yield fell below 0.5 when Z. marina were either dying or already 
dead (Biber et al. 2005). In this study and that performed by Biber et al. (2005), no 
significant differences in photosynthetic yield were observed in control eelgrass 
shoots versus treated shoots (Table 2.2). These results may indicate that eelgrasses 
can acclimate their photosynthetic apparatus to ambient light conditions as 
suggested by Biber et al. (2005) or they may also be showing a photosynthetic 
acclimation to elevated sulfide.  
Korhonen et al. (2012) incubated detached Z. marina leaf tissue directly in 
seawater with sulfide concentrations reaching up to 1 mM. At the beginning of the 
experiment, the photosynthetic yield of the leaves was >0.75 and decreased to <0.2 
after two hours and the leaves were unable to recover after the yield dropped this 
low (Korhonen et al. 2012). These studies suggest that there may be a sulfide 
threshold above which eelgrass is unable to recover, indicated by yield 
measurements <0.5 (Biber et al. 2005, Korhonen et al. 2012). Similarly, Campbell et 
al. (2006) documented drastic decreases in photosynthetic yield (>0.8 to <0.1) 
following temperature increases, and eelgrasses did not recover due to damage in 
chloroplast structures and PSII function. Because photosynthetic yield 
measurements never dipped below 0.5 in this experiment, they most likely did not 
suffer irreparable damage to their photosynthetic structures or processes. An 
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enzyme that assists with chloroplast preparation called cytochrome oxidase can be 
directly inhibited by sulfide intrusion (Raven and Scrimgeour 1997). It was also 
found that when cytochrome oxidase was inhibited there was a block in 95% of 
plant growth activity as a result (Lundegardh 1964). However, inhibited cytochrome 
oxidase did not impact undamaged chloroplasts (Lundergardh 1964, Yoshida et al. 
2006), which may be why treated Z. japonica and Z. marina shoots showed 
decreases in growth, but continued to photosynthesize. To improve on 
photosynthetic yield experiments in the future, it would be advantageous to 
measure yield throughout the study and perform an analysis of variance of repeated 
measures to examine the changes in photosynthetic yield from the beginning of the 
sulfide treatments to the conclusion of the study.   
Overall, Z. japonica and Z. marina from Padilla Bay showed decreased growth 
when treated with elevated concentrations of pore-water sulfide. This suggests that 
there was some level of sulfide intrusion into eelgrass tissues. Additionally, average 
pore-water sulfide concentrations measured during the experiment that resulted in 
decreased growth in Z. japonica and Z. marina shoots were of a similar range to 
sulfide concentrations found in Padilla Bay. This suggests that the growth of 
eelgrass in Padilla Bay may be influenced by naturally occurring concentrations of 
pore-water sulfide. 
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APPENDIX A 
 
Table A.1 Pearson’s correlations and p-values for Z. japonica, Z. marina, total 
eelgrass plants, porosity, and average dissolved organic carbon (n=10) at July 2013 
study sites in Padilla Bay, Washington. Correlation values are located in the upper 
right half of the table and p-values are located in the lower left half.  
 
 Dissolved Organic Carbon 
Eelgrass r p 
Z. japonica shoots -0.120 0.741 
Z. marina shoots 0.146 0.687 
Total shoots -0.108 0.767 
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Table A.2 Pearson’s correlations and p-values for Z. japonica, Z. marina, total 
eelgrass shoots, and ammonium (n=10) at August 2013 study sites in Padilla Bay, 
Washington.  
 
 Ammonium 
Eelgrass r p 
Z. japonica shoots 0.346 0.327 
Z. marina shoots -0.192 0.595 
Total shoots 0.354 0.316 
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Table A.3 Pearson’s correlations for Z. japonica, Z. marina, total eelgrass shoots, and 
sediment grain size characteristics (n=10) at August 2013 study sites in Padilla Bay, 
Washington.  
 
 Grain Size  
Eelgrass 
<63 
µm 
63-
125 
µm 
125-
250 
µm 
250-
500 
µm 
500 µm-
1 mm 
1-2 
mm 
2-4 
mm 
>4 
mm 
 
Z. marina 
shoots 
 
 
-0.21 
 
-0.016 
 
-0.37 
 
0.22 
 
0.51 
 
0.27 
 
0.12 
 
-0.21 
Z. japonica 
shoots 
 
0.067 0.051 0.35 -0.12 -0.42 -0.24 -0.11 0.074 
Total 
shoots 
0.050 0.054 0.33 -0.10 -0.39 -0.23 -0.11 0.057 
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Table A.4 Pearson correlation p-values for Z. japonica, Z. marina, total eelgrass 
shoots, and sediment grain size characteristics (n=10) at August 2013 study sites in 
Padilla Bay, Washington.  
 
 Grain Size 
Eelgrass 
<63 
µm 
63-125 
µm 
125-250 
µm 
250-
500 µm 
500 µm-
1 mm 
1-2 
mm 
2-4 
mm 
>4 
mm 
 
Z. marina 
shoots 
 
 
0.38 
 
0.95 
 
0.11 
 
0.35 
 
0.21 
 
0.25 
 
0.62 
 
0.38 
Z. japonica 
shoots 
 
0.78 0.83 0.14 0.62 0.069 0.32 0.64 0.76 
Total 
shoots 
0.84 0.82 0.15 0.67 0.086 0.34 0.65 0.81 
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Table A.5 Temperature and percent oxygen saturation in the flow through seawater 
tank during the pore-water sulfide experiment at Shannon Point Marine Center in 
Anacortes, Washington. Measurements were taken once a week for four weeks from 
October 2, 2013 to October 30, 2013. 
 
 Temperature (C) Oxygen Saturation (%) 
Week 1 11.9 90.2 
Week 2 12.1 82.5 
Week 3 13.4 92.2 
Week 4 12.8 88.5 
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Table A.6 Mauchly’s test of sphericity results from the ANOVAR analysis on growth 
and pore-water sulfide treatments between Z. japonica and Z. marina shoots. 
 
Effect W Hyunh-Feldt corrected p-value 
Week 0.653 0.0000146 
Species*Week 0.653 0.000131 
Treatment*Week 0.653 0.00128 
Species*Treatment*Week 0.653 0.0116 
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APPENDIX B 
 
Table B.1 Sulfide concentration (mM) at 3, 6, and 12 cm depths at field study sites 
(n=40) in Padilla Bay, Washington and the number of Z. japonica, Z. marina, and 
total eelgrass shoots counted within a 0.27 m2 quadrat at each site. 
 
Study 
Site 
Depth 
(cm) 
Sulfide 
concentration (mM) 
Number of Z. 
japonica shoots 
Number of Z. 
marina shoots 
Total 
shoots 
1 3 0.23 404 0 404 
 6 0.09    
 12 0.47    
2 3 0.11 517 0 517 
 6 0.10    
 12 0.03    
3 3 0.00 71 0 71 
 6 0.04    
 12 0.10    
4 3 0.00 282 0 282 
 6 0.12    
 12 0.01    
5 3 0.00 0 41 41 
 6 0.00    
 12 0.01    
6 3 0.02 374 0 374 
 6 0.04    
 12 0.01    
7 3 0.00 45 39 84 
 6 0.06    
 12 0.11    
8 3 0.01 0 59 59 
 6 0.06    
 12 0.16    
9 3 0.17 0 34 34 
 6 0.35    
 12 0.32    
10 3 0.13 0 38 38 
 6 0.12    
 12 0.06    
11 3 0.01 242 0 242 
 6 0.00    
 12 0.29    
12 3 0.18 101 0 101 
 6 0.41    
 12 0.21    
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Study 
Site 
Depth 
(cm) 
Sulfide 
concentration (mM) 
Number of Z. 
japonica shoots 
Number of Z. 
marina shoots 
Total 
shoots 
13 3 0.72 0 44 44 
 6 0.74    
 12 0.44    
14 3 0.53 0 19 19 
 6 0.59    
 12 0.36    
15 3 0.13 0 34 34 
 6 0.00    
 12 0.00    
16 3 0.03 37 38 75 
 6 0.03    
 12 0.05    
17 3 0.12 20 45 65 
 6 0.29    
 12 0.50    
18 3 0.11 76 46 122 
 6 0.06    
 12 0.06    
19 3 0.12 29 55 84 
 6 0.10    
 12 0.00    
20 3 0.06 381 0 381 
 6 0.05    
 12 0.02    
21 3 0.06 339 0 339 
 6 0.06    
 12 0.07    
22 3 0.30 554 0 554 
 6 0.27    
 12 0.15    
23 3 0.00 0 28 28 
 6 0.02    
 12 0.10    
24 3 0.02 0 31 31 
 6 0.02    
 12 0.09    
25 3 0.00 0 39 39 
 6 0.01    
 12 0.00    
26 3 0.00 22 48 70 
 6 0.04    
 12 0.13    
 
 63 
Study 
Site 
Depth 
(cm) 
Sulfide 
concentration (mM) 
Number of Z. 
japonica shoots 
Number of Z. 
marina shoots 
Total 
shoots 
27 3 0.05 37 25 62 
 6 0.06    
 12 0.04    
28 3 0.06 326 0 326 
 6 0.10    
 12 0.07    
29 3 0.01 139 0 139 
 6 0.06    
 12 0.08    
30 3 0.02 172 0 172 
 6 0.07    
 12 0.04    
31 3 0.07 290 0 290 
 6 0.32    
 12 0.40    
32 3 0.28 0 59 59 
 6 0.22    
 12 0.16    
33 3 0.06 0 20 20 
 6 0.05    
 12 0.00    
34 3 0.00 29 21 50 
 6 0.02    
 12 0.07    
35 3 0.01 0 32 32 
 6 0.03    
 12 0.04    
36 3 0.00 48 8 56 
 6 0.00    
 12 0.00    
37 3 0.00 56 5 61 
 6 0.00    
 12 0.00    
38 3 0.01 251 0 251 
 6 0.00    
 12 0.08    
39 3 0.00 188 0 188 
 6 0.00    
 12 0.01    
40 3 0.05 131 0 131 
 6 0.12    
 12 0.37    
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Table B.2 Porosity calculations for several depth intervals (0-18 cm) from a 
sediment core collected within the Padilla Bay, Washington study area. Seawater 
density was assumed to be 1.02 g mL-1 and particle density was assumed to be 2.65 
g mL-1. 
 
Depth 
(cm) 
Start 
Weight (g) 
End 
Weight (g) 
Pore-
water 
mass (g) 
Pore-water 
volume 
(mL) 
Particle 
volume 
(mL) Porosity 
0-0.5 1.63 1.04 0.58 0.57 0.39 0.59 
0.5-1 1.46 0.89 0.57 0.56 0.34 0.62 
1-2 1.49 0.98 0.50 0.49 0.37 0.57 
2-3 1.60 1.07 0.53 0.52 0.40 0.56 
3-4 1.65 1.25 0.40 0.39 0.47 0.45 
4-5 1.63 1.24 0.39 0.38 0.47 0.45 
5-6 1.66 1.29 0.37 0.36 0.48 0.43 
6-8 1.57 1.14 0.43 0.43 0.43 0.50 
8-10 1.53 1.07 0.46 0.45 0.40 0.53 
10-12 1.58 1.17 0.41 0.40 0.44 0.48 
12-14 1.59 1.21 0.38 0.37 0.46 0.45 
14-16 1.60 1.21 0.39 0.38 0.46 0.46 
16-18 1.49 1.09 0.39 0.39 0.41 0.48 
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Table B.3 The experimental shoots labeled by species or bare sediment, number (1-
10 for each treatment), and level of sulfide treatment as well as the measured pore-
water sulfide concentrations and average pore-water sulfide concentrations from 
week 0 through week 4. 
 
   Pore-water sulfide concentration (mM) 
Species Number 
Sulfide 
Treatment 
Week 
0 
Week 
1 
Week 
2 
Week 
3 
Week 
4 

x  
Z. japonica 1 Moderate 0.113 0.059 0.185 0.253 0.273 0.193 
Z. japonica 2 Moderate 0.372 0.210 0.234 0.144 0.092 0.170 
Z. japonica 3 Moderate 0.000 0.636 0.160 0.356 0.783 0.484 
Z. japonica 4 Moderate 0.141 0.419 0.779 0.169 0.493 0.465 
Z. japonica 5 Moderate 0.168 0.029 0.079 0.025 0.005 0.035 
Z. japonica 6 Moderate 0.302 0.660 1.711 0.240 0.482 0.773 
Z. japonica 7 Moderate 0.255 1.500 3.900 2.117 2.388 2.476 
Z. japonica 8 Moderate 0.221 0.855 0.927 1.088 0.177 0.762 
Z. japonica 9 Moderate 0.115 2.385 5.649 5.788 8.347 5.542 
Z. japonica 10 Moderate 0.105 0.836 1.023 0.015 0.050 0.481 
Z. japonica 1 High 0.234 5.335 2.195 2.384 0.851 2.692 
Z. japonica 2 High 0.197 2.755 2.754 3.989 7.118 4.154 
Z. japonica 3 High 0.202 2.950 2.130 0.395 0.219 1.423 
Z. japonica 4 High 0.233 3.733 1.459 1.369 1.888 2.113 
Z. japonica 5 High 0.108 0.988 2.441 2.601 5.933 2.991 
Z. japonica 6 High 0.091 0.379 4.930 0.100 0.074 1.371 
Z. japonica 7 High 0.068 1.899 2.315 0.175 0.128 1.129 
Z. japonica 8 High 0.195 1.570 4.143 1.669 0.267 1.912 
Z. japonica 9 High 0.091 3.135 1.181 0.080 0.075 1.118 
Z. japonica 10 High 0.058 1.928 2.573 2.838 0.197 0.197 
Z. japonica 1 Seawater 0.143 0.484 0.194 0.004 0.032 0.178 
Z. japonica 2 Seawater 0.078 0.522 0.344 0.091 0.015 0.243 
Z. japonica 3 Seawater 0.264 0.064 0.034 0.102 0.013 0.053 
Z. japonica 4 Seawater 0.176 0.314 0.104 0.133 0.088 0.160 
Z. japonica 5 Seawater 0.204 0.194 0.655 0.368 0.088 0.326 
Z. japonica 6 Seawater 0.019 0.362 2.114 0.129 0.059 0.666 
Z. japonica 7 Seawater 0.065 0.130 0.145 0.067 1.902 0.561 
Z. japonica 8 Seawater 0.364 0.555 0.491 0.022 0.009 0.269 
Z. japonica 9 Seawater 0.066 0.064 0.163 0.005 0.034 0.066 
Z. japonica 10 Seawater 0.059 0.233 0.029 0.133 0.103 0.124 
Z. marina 1 Moderate 0.459 0.937 0.360 0.130 0.037 0.366 
Z. marina 2 Moderate 0.090 0.026 0.209 0.067 0.028 0.083 
Z. marina 3 Moderate 0.111 0.056 1.103 0.018 0.010 0.297 
Z. marina 4 Moderate 0.212 0.746 0.435 0.793 1.481 0.864 
Z. marina 5 Moderate 0.225 0.215 0.062 0.080 0.139 0.124 
Z. marina 6 Moderate 0.644 0.081 0.589 0.238 0.008 0.229 
Z. marina 7 Moderate 0.112 0.120 0.640 0.485 0.023 0.317 
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Z. marina 8 Moderate 0.225 1.707 0.154 0.000 0.177 0.510 
Z. marina 9 Moderate 0.192 0.121 0.023 0.008 0.033 0.046 
Z. marina 10 Moderate 0.147 2.261 0.419 0.117 0.147 0.736 
Z. marina 1 High 0.386 1.720 6.773 0.812 3.570 3.219 
Z. marina 2 High 0.099 5.136 0.797 1.807 0.789 2.132 
Z. marina 3 High 0.109 2.049 0.197 1.880 0.919 1.261 
Z. marina 4 High 0.253 1.195 1.405 1.807 2.006 1.603 
Z. marina 5 High 0.106 2.840 0.484 1.987 1.069 1.595 
Z. marina 6 High 0.529 3.677 5.005 1.895 0.689 2.816 
Z. marina 7 High 0.076 3.256 0.407 0.395 0.203 1.065 
Z. marina 8 High 0.188 0.043 0.985 0.146 0.228 0.350 
Z. marina 9 High 0.291 3.848 3.156 0.715 5.459 3.295 
Z. marina 10 High 0.043 1.074 0.631 0.177 0.457 0.585 
Z. marina 1 Seawater 0.229 0.090 0.023 0.000 0.005 0.030 
Z. marina 2 Seawater 0.228 2.713 3.204 0.262 0.236 1.604 
Z. marina 3 Seawater 0.073 0.365 0.429 0.005 0.038 0.209 
Z. marina 4 Seawater 0.104 0.129 0.097 0.010 0.001 0.059 
Z. marina 5 Seawater 0.166 0.311 0.589 0.215 0.040 0.289 
Z. marina 6 Seawater 0.078 0.034 0.083 0.011 0.006 0.034 
Z. marina 7 Seawater 0.131 0.197 0.154 0.015 0.000 0.092 
Z. marina 8 Seawater 0.172 0.176 0.203 0.104 0.039 0.131 
Z. marina 9 Seawater 0.271 0.406 0.007 0.022 0.008 0.111 
Z. marina 10 Seawater 0.137 0.097 0.070 0.031 0.012 0.052 
Sediment 1 Moderate 0.054 1.582 0.258 2.365 1.515 1.430 
Sediment 2 Moderate 0.275 2.421 3.109 3.272 2.282 2.771 
Sediment 3 Moderate 0.289 0.096 0.598 0.060 0.493 0.312 
Sediment 4 Moderate 0.136 2.496 1.672 0.922 0.257 1.337 
Sediment 5 Moderate 0.000 0.289 0.124 0.260 0.054 0.182 
Sediment 6 Moderate 0.164 0.138 0.706 0.392 0.450 0.422 
Sediment 7 Moderate 0.033 0.063 0.164 0.029 0.077 0.083 
Sediment 8 Moderate 0.068 0.394 1.804 0.065 0.253 0.629 
Sediment 9 Moderate 0.139 0.438 2.404 1.006 0.715 1.141 
Sediment 10 Moderate 0.145 0.391 0.526 0.017 0.044 0.244 
Sediment 1 High 0.008 0.646 7.761 1.296 1.383 2.771 
Sediment 2 High 0.251 1.222 2.441 0.117 2.132 1.478 
Sediment 3 High 0.192 0.763 3.180 1.683 1.069 1.674 
Sediment 4 High 0.159 1.606 2.948 2.815 1.647 2.254 
Sediment 5 High 0.118 3.677 3.784 0.040 0.536 2.009 
Sediment 6 High 0.000 0.412 2.535 2.255 3.186 2.097 
Sediment 7 High 0.285 0.724 5.082 0.311 0.772 1.722 
Sediment 8 High 0.111 3.762 0.477 0.040 0.851 1.283 
Sediment 9 High 0.312 5.021 6.722 5.927 7.282 6.238 
Sediment 10 High 0.441 1.870 5.399 2.310 2.132 2.927 
Sediment 1 Seawater 0.422 0.445 0.503 0.063 0.013 0.256 
Sediment 2 Seawater 0.201 0.194 0.670 0.039 0.045 0.237 
Sediment 3 Seawater 0.181 0.495 0.626 0.000 0.001 0.280 
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Sediment 4 Seawater 0.208 0.094 0.079 0.000 0.001 0.044 
Sediment 5 Seawater 0.043 0.046 0.016 0.000 0.000 0.015 
Sediment 6 Seawater 0.142 0.000 0.029 0.001 0.001 0.008 
Sediment 7 Seawater 0.019 1.050 0.151 0.013 0.120 0.334 
Sediment 8 Seawater 0.055 0.039 0.445 0.066 0.097 0.162 
Sediment 9 Seawater 0.367 0.289 0.112 0.018 0.029 0.112 
Sediment 10 Seawater 0.011 0.004 0.000 0.011 0.020 0.009 
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Table B.4 The experimental shoots labeled by species, number (1-10 for each 
treatment), and level of sulfide treatment as well as the average shoot growth per 
day (mm) and average shoot growth from week 1 through week 4. 
 
   Shoot growth per day (mm) 
Species Number 
Sulfide 
Treatment 
Week 
1 
Week 
2 
Week 
3 
Week 
4 

x  
Z. japonica 1 Moderate 2.00 2.29 2.29 1.57 1.82 
Z. japonica 2 Moderate 1.75 2.14 2.14 2.29 1.89 
Z. japonica 3 Moderate 1.75 1.86 2.14 2.14 1.79 
Z. japonica 4 Moderate 1.50 2.14 1.43 1.71 1.54 
Z. japonica 5 Moderate 1.75 2.00 1.43 2.00 1.61 
Z. japonica 6 Moderate 1.50 2.14 1.86 1.86 1.68 
Z. japonica 7 Moderate 1.33 2.29 2.00 1.00 1.43 
Z. japonica 8 Moderate 1.00 2.29 2.57 2.29 1.93 
Z. japonica 9 Moderate 1.33 1.57 1.86 1.29 1.29 
Z. japonica 10 Moderate 1.75 1.29 1.43 1.71 1.36 
Z. japonica 1 High 1.50 1.29 1.57 0.57 1.07 
Z. japonica 2 High 1.00 0.71 1.71 1.43 1.11 
Z. japonica 3 High 1.50 1.29 2.00 1.43 1.39 
Z. japonica 4 High 1.50 1.71 1.57 1.71 1.46 
Z. japonica 5 High 1.50 0.86 1.71 1.29 1.18 
Z. japonica 6 High 1.50 1.71 1.14 1.14 1.21 
Z. japonica 7 High 1.75 1.14 1.43 1.29 1.21 
Z. japonica 8 High 1.75 1.57 0.57 1.43 1.14 
Z. japonica 9 High 1.25 1.29 1.71 1.43 1.29 
Z. japonica 10 High 1.00 0.86 1.43 1.14 1.00 
Z. japonica 1 Seawater 3.00 3.86 3.43 2.14 2.79 
Z. japonica 2 Seawater 1.75 3.14 2.71 2.14 2.25 
Z. japonica 3 Seawater 2.25 3.43 3.00 2.71 2.61 
Z. japonica 4 Seawater 2.50 3.43 3.57 3.00 2.86 
Z. japonica 5 Seawater 1.00 3.57 3.71 3.43 2.82 
Z. japonica 6 Seawater 3.50 2.29 2.86 2.29 2.36 
Z. japonica 7 Seawater 2.75 2.71 3.43 3.14 2.71 
Z. japonica 8 Seawater 2.50 4.71 3.71 2.71 3.14 
Z. japonica 9 Seawater 3.25 3.43 2.57 2.57 2.61 
Z. japonica 10 Seawater 3.75 3.71 3.43 3.71 3.25 
Z. marina 1 Moderate 10.08 4.93 8.00 2.86 10.21 
Z. marina 2 Moderate 6.58 8.21 4.00 5.79 10.82 
Z. marina 3 Moderate 6.38 1.50 5.71 2.14 4.54 
Z. marina 4 Moderate 3.17 3.64 5.29 4.71 6.86 
Z. marina 5 Moderate 7.92 6.05 6.14 6.00 10.96 
Z. marina 6 Moderate 3.00 2.29 5.00 5.00 3.93 
Z. marina 7 Moderate 1.50 6.00 5.00 4.86 4.18 
Z. marina 8 Moderate 7.00 4.43 4.79 3.57 5.39 
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Z. marina 9 Moderate 7.58 6.86 2.86 4.43 8.50 
Z. marina 10 Moderate 7.58 7.79 3.43 5.29 10.64 
Z. marina 1 High 7.75 2.90 3.90 8.21 12.54 
Z. marina 2 High 7.50 5.86 3.00 3.86 9.36 
Z. marina 3 High 7.75 7.07 5.79 6.07 11.68 
Z. marina 4 High 8.83 4.86 4.24 2.86 11.32 
Z. marina 5 High 7.67 8.33 2.29 3.00 11.43 
Z. marina 6 High 6.17 3.81 7.24 2.71 12.96 
Z. marina 7 High 9.00 6.43 4.86 5.57 6.79 
Z. marina 8 High 5.67 5.71 4.86 2.71 5.75 
Z. marina 9 High 3.00 4.29 1.71 3.71 2.86 
Z. marina 10 High 7.75 5.29 5.79 2.19 10.50 
Z. marina 1 Seawater 11.25 19.14 11.43 8.43 51.86 
Z. marina 2 Seawater 10.50 12.71 10.71 7.36 13.71 
Z. marina 3 Seawater 10.92 13.10 11.43 9.86 22.68 
Z. marina 4 Seawater 10.33 11.67 6.57 9.71 21.32 
Z. marina 5 Seawater 9.42 12.90 9.14 9.79 23.18 
Z. marina 6 Seawater 9.92 14.29 11.71 17.29 25.14 
Z. marina 7 Seawater 9.67 12.93 8.71 7.50 16.54 
Z. marina 8 Seawater 11.75 15.10 11.50 12.64 36.43 
Z. marina 9 Seawater 11.08 14.36 9.29 10.07 26.25 
Z. marina 10 Seawater 12.00 7.76 8.86 8.00 21.61 
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Table B.5 The experimental shoots labeled by species, number (1-10 for each 
treatment), and level of sulfide treatment as well as the photosynthetic yield. Yield 
measurements were taken at the conclusion of the experiment. 
 
Species Number Sulfide Treatment Photosynthetic yield 
Z. japonica 1 Moderate 0.519 
Z. japonica 2 Moderate 0.725 
Z. japonica 3 Moderate 0.615 
Z. japonica 4 Moderate 0.709 
Z. japonica 5 Moderate 0.719 
Z. japonica 6 Moderate 0.615 
Z. japonica 7 Moderate 0.495 
Z. japonica 8 Moderate 0.757 
Z. japonica 9 Moderate 0.623 
Z. japonica 10 Moderate 0.764 
Z. japonica 1 High 0.673 
Z. japonica 2 High 0.771 
Z. japonica 3 High 0.580 
Z. japonica 4 High 0.785 
Z. japonica 5 High 0.757 
Z. japonica 6 High 0.679 
Z. japonica 7 High 0.620 
Z. japonica 8 High 0.669 
Z. japonica 9 High 0.695 
Z. japonica 10 High 0.719 
Z. japonica 1 Seawater 0.688 
Z. japonica 2 Seawater 0.728 
Z. japonica 3 Seawater 0.746 
Z. japonica 4 Seawater 0.387 
Z. japonica 5 Seawater 0.594 
Z. japonica 6 Seawater 0.751 
Z. japonica 7 Seawater 0.719 
Z. japonica 8 Seawater 0.720 
Z. japonica 9 Seawater 0.558 
Z. japonica 10 Seawater 0.700 
Z. marina 1 Moderate 0.708 
Z. marina 2 Moderate 0.762 
Z. marina 3 Moderate 0.742 
Z. marina 4 Moderate 0.666 
Z. marina 5 Moderate 0.652 
Z. marina 6 Moderate 0.736 
Z. marina 7 Moderate 0.696 
Z. marina 8 Moderate 0.725 
Z. marina 9 Moderate 0.776 
Z. marina 10 Moderate 0.727 
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Z. marina 1 High 0.664 
Z. marina 2 High 0.706 
Z. marina 3 High 0.730 
Z. marina 4 High 0.775 
Z. marina 5 High 0.677 
Z. marina 6 High 0.780 
Z. marina 7 High 0.778 
Z. marina 8 High 0.733 
Z. marina 9 High 0.749 
Z. marina 10 High 0.618 
Z. marina 1 Seawater 0.679 
Z. marina 2 Seawater 0.717 
Z. marina 3 Seawater 0.750 
Z. marina 4 Seawater 0.792 
Z. marina 5 Seawater 0.770 
Z. marina 6 Seawater 0.609 
Z. marina 7 Seawater 0.750 
Z. marina 8 Seawater 0.744 
Z. marina 9 Seawater 0.645 
Z. marina 10 Seawater 0.599 
 
  
 
 
 
 
 
 
 
 
 
 
 
